The elastic deformation of thin-walled workpieces is because of the combination effect of cutting force and clamping force, which also leads to processing error. Clamping force and cutting force have coupling effect during this process. Clamping force and cutting force are mainly influenced by fixture, and cutting parameters, respectively. Instead of considering coupling effect of clamping force and cutting force when optimizing fixture and cutting parameters step by step, this paper establishes a recursive optimizing model through particle swarm optimization (PSO) and finite element (FE) methods to optimize fixture and cutting parameters simultaneously. With the guidance of PSO under certain deformation conditions, FE analysis finds optimal combinations of fixture and cutting parameters, which reduce elastic deformation of thin-walled workpieces. The case study shows that the model had achieved optimization results. It effectively reduced elastic deformation of thin-walled workpieces during processing and improved the machining accuracy.
Introduction
Thin-walled workpieces are widely used in industry. During the machining of this kind of workpiece, cutting and clamping will cause inevitable elastic deformation which heavily affects machining accuracy. To solve this problem, many researchers have attempted to diminish the negative influence of elastic deformation on accuracy by optimizing related parameters of fixture (e.g., fixture layout, and clamping force) as well as cutting parameters. Chen et al. 1 conducted research on the optimization of fixture layout and clamping force. Li 2 made a study of fixture layout and fixture order optimization. Zhang et al. 3 researched copying fixture optimization for thin-walled workpieces with curved surfaces. With the purpose of minimizing maximum deformation, Shen 4 made a study of optimizing cutting parameters for titanium alloy thinwalled workpieces. Zhang et al. 5 analyzed thin-walled workpiece deformation and stress with different fixing methods. Selvakumar et al. 6 combined a genetic algorithm (GA) and an artificial neural network (ANN)-based optimization procedure for the fixture layout design of minimum deformation. Kumar and Paulraj 7 developed a methodology that analyzed and optimized the fixture parameter configurations using GA, combined with ANSYS, for thin-walled workpieces. A zonal compensation method is proposed to compensate the thin-walled workpiece elastic deformation through fixture layout optimization based on high definition metrology. 8 As alternative methods, meta-heuristics such as GA 9 and the ant colony optimization (ACO) algorithm [10] [11] have been used to optimize the fixture layout. GA or ACO only deals with the design variables and the objective function value for a particular fixture layout, and no gradient or auxiliary information is needed. 12 Lu et al. 13 proposed a new approach for taking advantage of the partial knowledge available about the mechanisms of the process and embedding it into the neural network structure. In previous research, the optimization of fixture and cutting parameters was done step by step, meaning that: when fixture was being optimized, cutting parameters will not change; and during the optimization of cutting parameters, fixture remained the same. In fact, machining error will occur under the simultaneous effect of clamping and cutting, which means fixture layout and cutting parameters are coupled when a thin-walled workpiece is deformed elastically. Therefore, we can gain better results if they are optimized simultaneously. To avoid the separate optimization of different objectives, Zhou et al.
14 put forward the GA that optimizes fixture layout and clamping forces simultaneously to minimize the workpiece deformation. To improve previous optimizing methods, this paper proposes a method of simultaneous optimization of related fixture and cutting parameters.
Traditional optimizing algorithms rely heavily on objective functions. The objective functions need to be explicitly expressed, continuous, differentiable etc. and nonlinear problems are still difficult to solve. Some mathematical approaches require the objective equations to be formed based on equilibrium conditions and to be formulated based on the equilibrium conditions of forces, moments and stick/slip conditions. 15 Moreover, there are many variables and complex deformation conditions involved in the optimization design of fixture and cutting parameters, which make it difficult to work out explicit function of fixture, cutting parameters and elastic deformation of workpiece. Because of that, traditional optimizing algorithms are no longer usable. PSO was proposed by Kennedy and Eberhart, 16 which outstandingly matches the needs of engineering applications. 17 It does not have restrictions to objective functions. Furthermore, it outweighs other modern optimizing algorithms in terms of higher computing speed and faster convergence. 18 Since it has good optimizing abilities, PSO had long been applied in some specific engineering problems. Dou et al. used a PSO-based optimization approach to find the optimal locator and clamp positions in two-dimensional (2D) workpieces. 19 Therefore, PSO is used in this paper to optimize fixture and cutting parameters.
The paper establishes an iterative optimizing model which combines PSO and FE methods to optimize fixture and cutting parameters of thin-walled workpieces simultaneously. A single FE analysis can predict the deformation of a workpiece. With the guidance of PSO, it can find an optimal combination of fixture and cutting parameters in order to reduce elastic deformation of thinwalled workpieces.
Optimizing model of fixture and cutting parameters 2.1. Optimizing design parameters
To reduce thin-walled workpiece elastic deformation under the combined actions of clamping and cutting, fixture and cutting parameters are optimized simultaneously. Fixture parameters include number of fixture components, clamping point location, and clamping force. Cutting parameters include cutting depth, cutting speed, and feed rate. Cutting depth is usually determined by machining allowance, and conditions. So, the number of fixture components, clamping point location, clamping force, cutting speed, and feed rate are chosen as optimizing variables in this paper.
Normally, industrial machining requires the number of fixture components to be minimum but adequate. If there are far fewer fixture components, machining accuracy will not be considered qualified even if other optimizing parameters reach their optimal values. More fixture components should be provided under this circumstance. However, if there are too many fixtures, over-positioning would occur and expenditure would increase. So, the iterative optimizing model to select the number of fixture components is established in this paper. A relatively small number of fixtures is chosen initially, and under the current clamp elements, clamping point location, clamping force, cutting speed, and feed rate are optimized to minimize deformation. If the accuracy doesn't meet the requirements, more fixtures are included, and the optimization of other variables are repeated until the accuracy is qualified.
Optimizing objective functions
This paper aims at reducing thin-walled workpiece elastic deformation predicted by the FE model. The machining process in deformation prediction is described by a series of operating conditions, so the objective function is to minimize the largest possible deformations under a series of operating conditions, as described in the following:
where, k refers to the maximum deformation at the machining point when cutting force acts on the workpiece at the kth stage.
The constraints
The constraints considered in this paper are as follows:
(1) Restriction of clamping location: each component should act in effective area on the workpiece, namely meeting the following equation:
where, posðiÞ refers to the actual contact location between the workpiece and the ith fixture component, and V ðiÞ refers to the effective contact area between the workpiece and the ith fixture component. (2) Restriction of clamping force: neither relative slide nor separation should occur between each fixture component and workpiece. Clamping force generated by fixture should not make workpiece deform plastically, namely as follows:
where, F ni refers to normal contact force between the workpiece and the ith fixture; F xi and F yi refer to the two tangential forces between the workpiece and the ith fixture component; m i refers to the friction coefficient between the workpiece and the ith fixture component; s s refers to yield stress of the workpiece; A i refers to the contact area of the ith fixture component and the workpiece. (3) Restriction of cutting speed: cutting speed should satisfy the constraints of machine tool spindle speed, namely as follows:
where, n min and n max refer to the minimum and the maximum spindle speed respectively. (4) Restriction of feed rate: feed rate should meet the restrictions of machine tool feed, namely as follows:
where, f min , f max refers to minimum and maximum feed speed. (5) Restriction of material removal rate: an appropriate machining efficiency should be guaranteed, as follows:
where, Q refers to material removal rate, Q min refers to the minimum material removal rate determined by practical machining conditions, f z refers to feed per tooth, Z refers to teeth number of milling tool, D refers to diameter of milling tool, a e refers radial cutting depth, and a p refers to axial cutting depth.
Optimization algorithm of fixture and cutting parameters
The extremum disturbed and simplified particle swarm optimization (tsPSO) proposed by Wang Hu and Zhishu Li 20 improved PSO in terms of better optimization results in a smaller population size and evolution generations. Therefore, tsPSO is adopted in this paper for optimization.
The flowchart of tsPSO is shown in Figure 1 . where, v is momentum inertia coefficient which aims to enhance the ability to jump out of local extremum. The weight improved inertia coefficient is used as:
, where v max is the maximum inertia coefficient, v min is the minimum inertia coefficient, iter is the number of current iterations, iter max is the number of total iterations; x t id is the ith optimizing variable values in dth dimension; c 1 ,c 2 are learning factors; r 1 ,r 2 are random digits between 0 and 1; p id is current optimal value of the ith optimizing variable; p gd is the optimal value currently searched in the whole groups of optimizing variable; t0 and T0 are the threshold values of individual extremum evolution and disturbed cease steps; tg, Tg are the threshold values of global extremum evolution and disturbed cease steps; 
If objective function value is good enough or
reaches preset maximum iterations, the process will continue to step (6), otherwise it will jump back to step (2); 6. If deformation is within the allowable range, the program will stop; if not, the number of fixture components will be adjusted and the optimization process will start over from step (1).
Simulation analysis of optimization instances
Nowadays, frame components are applied frequently in a wide range of fields. A thin-walled frame workpiece, including a subface sterna, a side plane and a side curved gluten, is designed, as shown in Figure 2 . The workpiece material is Aluminum Alloy 6061. We machined at one Figure 1 . The algorithm flowchart of tsPSO. FE: finite element; tsPSO: extremum disturbed and simplified particle swarm optimization fifth from the top of the inside flank with a radial cutting depth of 1 mm, by clamping the workpiece through a pressing plate.
Because the established optimizing model uses an iterative algorithm, the optimization process of other variables is the same when the number of fixture component is fixed. Therefore, the optimizing process introduced is just for a certain amount of pressing plates. A total of five plates are used in this paper (in practical engineering, we can get a concrete optimal number of pressing plates in terms of certain requirements for accuracy), and we optimize other variables simultaneously. The pressing plate layout is shown in Figure 3 . Optimizing variables include locations of the five plates, magnitude of the five clamping forces, cutting speed, and feed rate.
MATLAB is used to code the PSO program, in which ANSYS is called to compute machining elastic deformation of the thin-walled workpiece. Therefore, the program integrates a PSO and FE deformation prediction model. The main work done by ANSYS for the deformation computation is as follows:
(1) Process of milling force model;
According to the metal cutting mechanism, there is a complex exponential relationship between the cutting forces and cutting parameters. Through the orthogonal experiments and regression analyses, the exponential models of F x , F y and F z are given by: 
where, F x is feed force, F y is vertical feed force, F z is axial force, a p is axial cutting depth, a e is radial cutting depth, f is feed rate, and v is cutting speed. Hexahedral mesh grids are adopted to mesh the workpiece, and milling forces are exerted in the forms of nodal forces. All the forces acting on the section apply on the nodes equivalently. The direction of the cutting force is determined by the machining position. Additionally, coordinate changes are needed when the arc surface is machined.
(2) Feedback processing of Machining process simulation and its deformation;
A total of 39 operating conditions are applied to simulate the milling tool machining process. Directions of cutting forces under each operating condition are determined by the machining location. The coordinate system needs to be transformed at curve side surfaces. F x and F y are applied on the curve in tangential and radial direction respectively. Thin-walled workpieces will deform elastically in the machining process. This elastic deformation would affect the cutting depth and introduce error in the computation of cutting force, which results in the inaccuracy of deformation prediction. In this paper, milling depth is modified according to the results of deformation computation and the influence of this feedback on machining process is taken into account to make deformation prediction more accurate.
(3) FE model and deformation prediction results; Executing the deformation analysis task from ANSYS needs to go through three steps: pretreatment, solving and post-processing. The geometry model of a thin-walled part is built in PRO/ENGINEER, then the geometric model is imported to ANSYS using the common data interface IGES of ANSYS. Considering the deformation in the machining process of the thin-walled parts, three-dimensional 20 nodes entity unit SOLID95 is used. Hexahedral mesh grids are adopted to mesh the workpiece, and milling forces are exerted in the forms of nodal forces. The FE model established according to the conditions above is shown in Figure  4 . The deformation prediction when the milling tool machines at a certain location is shown in Figure 5 . During the process of FE prediction, the machining deformation is calculated at each location as an iterative solution. It would be a very complex process if operated manually. So ANSYS parameterized design language is used to accomplish the prediction, which also lays the foundation of the MATLAB algorithm.
The optimizing design results of variables are listed in Table 1 (for structural features of the workpiece, clamping forces are equal to each other when pressing plates are symmetrically arranged, so only parts of pressing plate's location and pressure are listed. The serial number of the pressing plates is listed in Figure 3 ) The contrast of fixture layout between empirical design and optimized design is shown in Figure 6 . The maximum elastic deformation after simultaneous optimization is 0.040 mm and the maximum elastic deformation is 0.128 mm, reduced by 61% when compared with the experience design, meaning that the optimization achieves prominent effects.
Experimental verifications of optimizing instances
Empirical design results and optimized results are adopted to machine two workpieces separately. The processing picture is shown in Figure 7 . The machine tool is a Mikron HSM500 three axis end milling center. The spindle speed is 54,000 r/min, the power is 16 kW, the load bearing of the workbench is 200 kg and the working space is 500 3 450 3 350 mm 3 . The numerical control system is Heidenhain iTNC530.
A coordinate measuring machine (CMM) is used to measure the machining error of the two workpieces caused by elastic deformation as shown in Figure 8 . The machine tool is a Carl Zeiss CMM whose model is bridge type with a marble workbench, contact probe, and aerostatic guide way. The bearing load is 1500 kg, accuracy is 0.9 mm, and the measuring range is 900 3 1200 3 650 mm 3 . Then two comparisons are made: the FE deformation prediction value is compared with the measured value (under the same optimizing variable values), and the accuracy of FE model is verified; then the measured values from the two workpieces are compared, and the optimizing effect is verified.
Because the workpiece is structurally symmetric, the right part is chosen to make the comparison. A location 12 points from the section 3 mm away from the top are chosen to compare the results, including 6 symmetric points within the range of 20°and 70°on the arc and 6 symmetric points whose coordinates vary between 5 and 70 on a straight line. The comparison results are shown in Figure 9 and Figure 10 . From the two figures, the predicted deformation values and measured values are not exactly the same, but they have a consistent tendency.
In the actual milling thin-walled workpiece process, the influence factors causing machining error not only include the clamping and cutting factors, but also include other factors such as the machine tool, and cutting tool. In the deformation forecast of this paper, only the clamping and cutting factors are considered. Therefore, the deformation prediction value and the measured deformation value are not equal. In addition, the predicted value is less than the measured value. After optimization of the clamping and cutting parameters, the maximum machining error decreases by 63%, which verifies that the deformation caused by the clamping and cutting forces is the main factor that affects the processing error.
In the experiment of determining the force modelling parameters, the tool path is straight line cutting. While, during the process of arc machining, the tool path is curved, so the deformation prediction error of arc part is more than that of the straight-line part. Also, the coordinate transformation in the arc part has been carried out and the tangential and normal forces have been applied respectively in arc section. The prediction error of arc part is slightly larger than that of the straight-line part, and the average error is under 30%. The experimental results verify that the built-force model can be used and the deformation prediction based on FEA is reasonable.
By using the optimized value, the maximum machining error caused by the elastic deformation is 0.053 mm, which decreases by 63% compared with the maximum machining error (0.143 mm) not using the optimized parameters. Obviously, the proposed synchronous optimization method has a distinct optimization effect, and is an effective optimization method.
According to measurements, the machining error caused by elastic deformation is 0.053 mm after the workpiece was machined with optimized values. And the maximum machining error of the workpiece decreased by 63% when compared with 0.143 mm. Obviously, the simultaneous optimization design in this paper has proficient optimizing effects and it is an effective optimization method.
Conclusions
To minimize the elastic deformation of thin-walled workpieces under the combined actions of clamping and cutting, a method of simultaneous optimization of fixture and cutting parameters based on PSO was proposed. It avoids the demerits of stepped optimization and improves the traditional optimization algorithm. Moreover, this method contains simultaneous optimization of thin-walled frame workpieces in terms of fixture layout, clamping force, feed rate, and cutting speed. The results indicate that optimization design is obviously superior to empirical design. This method reduces machining elastic deformation of thin-walled workpieces effectively and also improves machining accuracy.
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